Abstract
Introduction
Water pollution by fluoride occurs either through natural or anthropogenic sources in many places of the world. Fluorine is the most electronegative element and is generally found as fluoride in most of the minerals and geochemical deposits. This fluoride enters the ground water due to geochemical reactions and volcanic emissions. The influence of human activities such as run-off and infiltration of chemical fertilizers in agricultural areas, mining, industrial chemical wastes has also increased fluoride concentration in water [1, 2] . Fluoride concentration up to 1 mg/L promotes the development of healthy bones and formation of dental enamel. The fluoride level in drinking water exceeding 1.5 mg/L causes health related problems, mainly dental caries and skeletal fluorosis according to World Health Organization (WHO) guidelines [3] . Hence, defluoridation is a very important process to remove excess fluoride in many countries across the world including India [4, 5] . Many innovative physico-chemical processes such as precipitation, adsorption, ion exchange, electrolysis, and membrane filtration have been used for fluoride removal [6] [7] [8] [9] [10] . Each of these techniques is having their limitations. Ion exchange and membrane methods involve complicated preparation process of resins and membranes, respectively and are also expensive [10, 11] . There is a massive toxic sludge formation in precipitation-coagulation methods [12] . Adsorption technique has been pronounced to be better fluoride removal method due to lower initial cost, flexibility, and simplicity of design, and ease of operation and maintenance [13] . Biosorption is an emerging adsorption technique that utilizes inactive/dead biological materials by way of passive uptake of ions in cellular structure, followed by subsequent binding onto active sites. A variety of algae and fungi, including Spirogyra IO2 and Spirogyra IO1, Anabaena fertilissima, Chlorococcum humicola Pleurotus ostreatus 1804 and Pleurotus eryngii ATCC 90888 have been used for the biosorption of fluoride ions [14] [15] [16] [17] [18] . However, most of these studies were restricted to batch studies, and not to continuous studies.
In the present study, non-living cells of algae Chlorella vulgaris immobilized in calcium alginate beads were used for fluoride removal from water in a continuous operation. C. vulgaris is a green, eukaryotic, unicellular alga with 2-10 μm diameter spherical microscopic cells [19] . The encapsulated dried biomass of C. vulgaris are widely used as a nutraceutical, as an important source of lipids for biofuel production feed, and for manufacturing highly added value components like animal feed, emulsifiers, cosmetics, pharmaceuticals, etc. [20] . So, it is completely safe to use C. vulgaris for water purification.
Viable and non-viable C. vulgaris biomass can be equally used to remove fluoride from water. However, sustaining of living biomass during adsorption is difficult due to contamination problems, and nutrients should be continuously provided. Hence, non-living algal biomass was used in the present study.
The algal powder cannot be used in the same powder form in a packed column as there can be biomass loss and may cause clogging of the column due to its small particle size, less strength and lower density. The separation of the powder algal biomass from the effluent, the regeneration, and the reuse of algal powder biosorbents also becomes tough. To avoid these problems, the algal powder was immobilized by encapsulation in a biopolymeric matrix called calcium alginate [21] . Often, immobilization of algal powder improves adsorption capacity, mechanical strength, and facilitates separation of biomass from fluoride-bearing solution [22] [23] [24] .
The removal of fluoride from water by immobilized C. vulgaris under continuous flow conditions has not been previously reported. The objectives of the present work were to perform column studies to investigate the fluoride uptake characteristics of immobilized C. vulgaris under different flow rates, initial fluoride ion concentrations, and bed heights. Characterization of immobilized C. vulgaris before and after fluoride adsorption was carried out using FTIR and SEM. The pore size and pore area were determined by BET surface area analysis. The regeneration of calcium alginate beads was studied using 0.1 N HCl solution and distilled water. According to the data available, some places in Pavagada taluk of Tumakuru district in Karnataka contain a high concentration of fluoride [25, 26] . Hence, a case study on fluoride removal from ground water samples collected from Pavagada region using immobilized C. vulgaris was conducted. The characterization of water samples was done by analyzing of water parameters.
Materials and Methods

Chemicals and reagents
The reagents used in the present study were of analytical grade. Sodium alginate having a viscosity (2% aqueous solution) >2,000 cP was purchased from SDFCL, Mumbai, India. All preparations were done in double distilled water (DDW). A 2 g of sodium alginate was dissolved in 100 mL DDW at 70°C with continuous stirring for 4 h.
Cultivation of algae and preparation of algae powder
Chlorella vulgaris (SAG 211-11b) were procured from EPSAG, Göttingen, Germany. The algal cultures were then grown in sterilized Bold's basal media (modified) and maintained in nutrient agar at 4°C [27] . The composition of the growth medium and trace metal solution of C. vulgaris is given in Tables 1a and 1b. The cultivation was carried out in sterilized photobioreactors at 24°C [28] . The algal biomass obtained from cultivation was separated from the medium, dried in a hot-air oven at 70ºC for 24 h, pulverized to a fine powder. The dried biomass was then ground to fine powder and stored in an air-tight container. 
Preparation of alginate-algae beads
A 2% (w:v) sodium alginate solution was mixed into 1% (w:v) of C. vulgaris solution in the ratio of 1:1. The obtained mixture was then added drop wise through a syringe into 5% (w:v) CaCl 2 solution from about 10 cm height. The algae-calcium alginate beads of size 2 mm were formed by replacement of Na 2+ ions of sodium alginate by Ca 2+ ions of calcium chloride solution. The beads were left in the CaCl 2 solution overnight for proper cross-linking and then thoroughly washed with distilled water three times. The algae immobilized beads was in the form of small, spherical, and green particles. Samples were then washed several times with distilled water and dried at 70°C for 24 h. Finally, samples were cooled to room temperature and transferred to airtight glass bottles ready for further investigation.
Preparation of fluoride solution and fluoride estimation
The stock solution of fluoride was prepared by dissolving 2.21 g sodium fluoride in 1000 mL distilled water to obtain 1000 mg/L solution. The fluoride levels were measured using ion meter and fluoride electrode (Mettler Toledo SevenCompact# pH/ion meter S220, and perfectION ™ combined fluoride electrode). Total ionic strength adjusting buffer III (TISAB -III) solution was added to the samples in the ratio of 1:10 to regulate the ionic strength of samples and standard solutions. TISAB-III maintained the solution pH between 5 and 5.5, separated loosely bound fluoride ions and eliminated the interference effect of complexing ions.
Characterization of biosorbent
The immobilized C. vulgaris biosorbent was analyzed to determine its physical and chemical properties. The specific surface area and pore distributions were determined by a gravimetric nitrogen Brunauer-Emmett-Teller (BET) specific surface area analysis device (TriStar 3000 V6.05 A, US). The morphological features of the biosorbent before and after adsorption were acquired by a scanning electron microscope (SEM) (Tescan Vega 3 LMU, Czech Republic).
Fourier Transform Infrared (FTIR) spectra of the biosorbents before and after adsorption were recorded at room temperature for studying the chemical groups on the surface of the algal beads using Spectrum Two ™ (Perkin-Elmer, Waltham, MA) at a resolution of 2 cm -1 in the wavenumber range of 4000 -400 cm -1 . A small amount of sample (0.2 g) was thoroughly mixed with ground KBr in an agate mortar, and a disc was prepared in the vacuum while maintaining a pressure of 33 kg/cm 2 .
Column adsorption experiments
Column operations are essential as it provides good results, very simple to operate, less expensive and can be easily scaled up from a laboratory process.
In the present study, an acrylic column of 45 cm height and 2.5 cm internal diameter was used to conduct the column studies. The immobilized C. vulgaris was packed in the column, and the fluoride solution was pumped in up-flow direction through the bed using a peristaltic pump (Ravel pump, Model: RH-P120VS-2H) at constant inflow rate. The trials were carried out at varying flow rate (5, 7.5 and 10 ml/min), packed bed height (2, 3.2, 6 cm), and different initial fluoride solution (10, 15, 25 , 55 mg/L). The effluent solution was collected from the top of the packed column at regular intervals, and the residual fluoride concentration was measured using fluoride ion selective electrode. The operation of the column was stopped when the effluent concentration exceeded a value of 99.5% of its initial concentration.
The breakthrough curve for a column was determined by plotting the ratio of the C/C 0 (C and C 0 are the fluoride concentration of effluent and influent, respectively) against time. The total amount of fluoride absorbed in the column material (F ad ) was calculated by multiplying the area above the breakthrough curve and the flow rate. The equilibrium uptake capacity (q e , mg/g) of the column was obtained by dividing F ad by the biosorbent mass (M) [22] . The percentage fluoride removal can be obtained from Eq. (1).
where Q is the flow rate (mL/min), t e is the exhaustion time (min).
Results and Discussion
Characterization of the biosorbent
The immobilized C. vulgaris biosorbent was characterized using instrumental analysis. Physical properties of prepared biosorbent were summarized in Table 2 . In general, the size of solute molecule adsorbing on the adsorbent surface is limited by pore volume, and the number of adsorbate molecules adsorbing is limited by the surface area of the adsorbent. 
FTIR studies
FTIR spectra were obtained to determine the typical functional groups present on immobilized C. vulgaris that are responsible for biosorption of fluoride ions. The fluoride biosorption on the immobilized algal biomass resulted in several changes in peaks such as the shifts and decrease in the percentage of transmittance in the IR spectra of the solid surface in the range 4000 -400 cm -1 as indicated in Fig. 1 and Table 3 . The FTIR spectra confirm the presence of hydroxyl, carboxyl, and amine groups on the surface of immobilized algal biomass and may be considered as significant sorption sites ( Fig. 1 and Table 3 ). The peaks for -NH shifted slightly in the fluoride-laden biomass. This reduction in wave number may indicate the interaction of -NH 2 groups of the biomass with fluoride ions. The hydrogen bonding in amines is weaker than (1) that of hydroxyl groups, so -NH 2 stretching bands are not as broad or intense as -OH stretching bands. A slight broadening of -NH 2 stretching band in the fluoride biosorbed fungal biomass may be due to hydrogen bonding between the protonated amine (-NH 3 + ) and fluoride ions [18] . 
SEM studies
The SEM images enable a direct observation of changes in the surface morphology of the biosorbent before and after adsorption. Fig. 2 represents the SEM images of plain calcium alginate beads and immobilized C. vulgaris biomass before and after fluoride adsorption.
The surface morphology of biomass, after fluoride adsorption, displays the presence of some spherical particles adhering to the surface whereas it is missing in the SEM images of beads before fluoride adsorption.
Breakthrough curve studies
The characteristic shape of the breakthrough curve depends on several factors including the inlet flow rates, initial solute concentration, and bed height [29, 30] . The adsorption capacity of a packed column of fixed dimensions depends on the equilibrium relationship between solute and adsorbent, upon the transfer mechanism and the rate of adsorption [31] . The sharpness of the curve indicates not only that the system displays a linear or non-linear equilibrium isotherm, but also a rate process proportional to the solute concentration in that phase, in which the mass transfers operation is controlling. In the present study, the shape of the curve shows that adsorption is mainly controlled by mass transfer.
Effect of initial concentration
The effect of varying the initial fluoride concentration from 10 to 55 ppm on the breakthrough curve, with other experimental conditions including bed height 20 mm and flow rate 10 mL/min kept constant is as shown in Fig. 3 and Table 4 . The bed saturation got delayed at low initial fluoride concentration. The volume of fluoride water treated was also higher as the lower concentration gradient caused a slower transport due to decreased mass transfer coefficient. The larger the initial feed concentration, the steeper is the slope of the breakthrough curve and smaller is the breakthrough time and exhaustion time. This is due to the algal beads bed that saturates quickly leading to earlier breakthrough and exhaustion time. The results depicted in Fig. 3 confirm that the variation in the concentration gradient alters the saturation rate and breakthrough time. With the increase in feed concentration, the fluoride uptake capacity increases, but so does the driving force for mass transfer, which leads to a decrease in the adsorption zone length. 
Effect of flow rate
The breakthrough curve of fluoride biosorption by C. vulgaris immobilized in calcium alginate beads was investigated by maintaining initial fluoride concentration at 10 ppm and bed height at 32 mm constant and varying the flow rate from 5 to 20 mL/min ( Table 5 ). The column performed well at the lowest flow rate. Initially, the adsorption was very rapid at lower flow rates probably associated with the availability of biosorption sites to capture fluoride around or inside the beads. In the next stage of the process due to the gradual occupancy of these sites, the uptake becomes less effective. At higher flow rates, the residence time of ion solutions in the column will not be sufficient to establish equilibrium. Hence, an early breakthrough and exhaustion time was observed which resulted in steeper breakthrough curves and shortening of the mass transfer zone (Fig. 4) . The column performed well at 5 mL/min. Hence, this flow rate was maintained for further studies. The results are depicted in Fig. 4 . 
Effect of bed height
The experiments were conducted at a constant feed concentration of 10 ppm, a flow rate of 5 mL/min, with bed height ranging from 20 to 60 mm. The effect of bed height for the adsorption of fluoride is shown in Fig. 5 . The results reveal that both breakthrough time and exhaustion time increased with increase in bed height. This is due to the increase in binding sites that are available for sorption. The increased bed height also resulted in a broadened mass transfer zone. Table 6 depicted the results of the effect of bed height. Table 6 Column sorption data obtained during biosorption on to immobilized 
Thomas Model
Among the various mathematical models available to describe the fixed bed adsorption, Thomas model is most simple and widely used by several investigators [32, 33] . This model is based on the mass transfer model which assumes that fluoride ion migrates from the solution to the liquid film around the adsorbent and diffuses through the film to the surface of the adsorbent. This is followed by intra-particle diffusion and adsorption on the active site. Eq. (2) expresses the linearized form of Thomas model.
where k T is the Thomas model constant (mL/mg/min), Q o is the maximum solid phase concentration of solute (mg/g), M is the mass of adsorbent in the column (g), r is the flow rate (mL/min), C o is the initial fluoride concentration (mg/L) and C is the effluent fluoride concentration (mg/L) at any time t (min). The model constants k T and Q o were calculated from a plot of ln[(C/C o )-1] against t at a given flow rate [32] . The Thomas model provided a good fit to the experimental data, at all the flow rates examined, with correlation coefficients greater than 0.94, which would indicate the external and internal diffusions were not the rate limiting step [22] . The rate constant (k T ) increased with increasing flow rate which suggests that the mass transport resistance decreases. The concentration difference of fluoride between algal biomass and aqueous solution reason is the main driving force for adsorption [22] . The comparison of the experimental points and predicted curves according to the Thomas model is also shown in Figs. 6-8 at different experimental conditions. Table 7 depicted the column kinetic constants for fluoride removal by C. vulgaris beads. Time, min Time, min Time, min 
Yoon-Nelson Model
The simple theoretical Yoon-Nelson model was applied to consider the breakthrough behavior of fluoride on algal beads. The Yoon-Nelson model was proposed based on the hypothesis that the rate of reduction in the probability of adsorption for each solute molecule is equivalent to the probability of solute adsorption and the probability of solute breakthrough on the adsorbent [34] . This model is less complicated than other models, and does not need detailed information about the characteristics of solute, the type of adsorbent, and the physical properties of the adsorption bed [34] . The linearized form of the Yoon-Nelson equation for a single component system is expressed in Eq. (3) [22] .
where τ is the time required for 50% adsorbate breakthrough (min), k YN is the rate constant (L/min), and t is the breakthrough (sampling) time (min). A plot of ln The values of k YN and τ are listed in Table 7 . As seen in Table 7 , the rate constant increased and the 50% breakthrough time τ decreased with both increasing flow rate and influent fluoride concentration. The comparison of the experimental points and predicted curves according to the Yoon-Nelson model is shown in Figs. 9-11 at different experimental conditions. The experimental breakthrough curves were close to those predicted by the Yoon-Nelson model. Time, min Time, min Time, min Effect of initial fluoride concentration
Bed depth service time (BDST) model
The BDST model is used for predicting how long the adsorbent would be able to sustain the removal of a specified amount of adsorbate from solution before the actual regeneration or replacement is required. The model works based on a relation between the service time of the column and the depth of packed bed column. Bohart and Adams developed a relationship between the bed depth, Z, and the service time, t [35] . However, Hutchins has extended it to a linear relation between the bed depth (Z) and the service time (T) of the form presented in Eq. (4) [36] . Table 9 . The value of K a characterizes the rate of transfer from the fluid phase to the solid phase. If K a is large, even a short bed will avoid breakthrough, but as K a decreases (4) a progressively deeper bed is required to avoid breakthrough. The slope of the BDST line represents the time required for the adsorption zone to travel a unit length through the adsorbent and used to predict the performance of the bed, if there is a change in the initial solute concentration, C o , to a new value of solute concentration [37] . It is used to predict the performance of the bed. The critical bed depth (H o ) is the theoretical depth of adsorbent adequate to assure that the outlet solute concentration does not surpass the breakthrough concentration (C b ) value at time t=0. H o can be calculated as Eq. (5) [38] . The line of the best fit for the plot is obtained by the method of least squares as shown in Eq. (6). The obtained graph is shown in Fig. 12 .
The equation of fitted line is found to be:
The value of R 2 for the best fit line is found to be 0.9875. 
Regeneration and Reuse of Biomass
To make the biosorption-based process feasible for industrial application, provision needs to be done to regenerate the biomass for repeated use. Fluoride sorbed on biomass can be desorbed by a suitable eluant or desorbing solution, and thus biomass can be used in multiple sorption-desorption cycles. C. vulgaris cells immobilized in alginate beads was regenerated using 0.1 M HCl at a flow rate of 5 mL/min. The desorbing solution was passed through the column, and the effluent fluoride concentration was recorded at regular intervals. The flow of desorbing solution was stopped when the effluent concentration of fluoride reduced to zero. Distilled water was then passed through the column until the effluent pH approached 7. The regenerated bed was reused for next cycle. The experiments were conducted for 4 cycles. The breakthrough and exhaustion time were reduced progressively with increase in the number of cycles due to deterioration of bed. The results are depicted in Fig. 13 and Table 10 with four regeneration cycles. The percentage removal reduced by 22% to 35.7% after the cycle I and reduced by 27% by the end of cycle IV. Furthermore, relatively effective reusability was noticed when the loaded biomass was desorbed with 5M HCl solution. 
Case study -Treatment of fluoride contaminated Pavagada ground water in column mode
The case study on treatment of fluoride contaminated ground water of Pavagada taluk, Tumakuru district using C. vulgaris cells immobilized in alginate beads as biosorbent were conducted in packed column. The suitability of adsorbent for fluoride removal was found by performing experiments using 25 g of biosorbent. The fluoride contaminated water was sent up-flow through the column at a flow rate of 5 mL/min. Each lot volume of 100 mL were individually collected and analyzed for fluoride content. The adsorption capacity was calculated once the fluoride level exceeded 1.5 mg/L. Case study on characteristics of ground water of Pavagada was successfully done and results are depicted in Table 11 using C. vulgaris immobilized in calcium alginate beads as biosorbents.
Conclusions
Immobilized C. vulgaris in calcium alginate beads performed well for the fluoride biosorption during packed bed column studies. The optimum conditions for biosorption were determined as: flow rate of feed to column = 5 mL/min, the initial concentration of fluoride = 10 mg/L and the bed height of biosorbent= 6 cm. Calcium alginate beads were regenerated using 0.1 M HCl solution and four adsorption-desorption cycles were conducted. After four cycles, beads were broken and the percentage removal reduced from 46% to 33%. From FT-IR spectral analysis and SEM textures of beads before and after fluoride biosorption, confirmed that non-living biomass of C. vulgaris is suitable biosorbent for fluoride removal. The immobilized C. vulgaris adsorbent was found good in treating ground water samples of Pavagada taluk, Tumakuru district during packed column studies. Note: All parameters are expressed in mg/L, except pH.
